Fabrication of a two-dimensional array of nanometer-scale chromium features on a silicon substrate by laser-focused atomic deposition is described. Features 13Ϯ1 nm high and having a full-width at half maximum of 80Ϯ10 nm are fabricated in a square array with lattice constant 212.78 nm, determined by the laser wavelength. The array covers an area of approximately 100 mϫ200 m. Issues associated with laser-focusing of atoms in a two-dimensional standing wave are discussed, and potential applications and improvements of the process are mentioned.
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New methods for fabrication of nanometer-scale structures have been under intensive investigation recently because of the perceived benefits which might arise, such as smaller electronic devices, higher-density information storage, and novel materials. Within the past three years, a new technique for nanostructure fabrication involving laserfocused atomic deposition has been demonstrated. [1] [2] [3] In this paper we present a significant enhancement of the original technique, which was used to fabricate lines on a substrate, to demonstrate the first two-dimensional fabrication. With these new results, we also discuss some of the considerations associated with generalizing the dimensionality of the process.
In laser-focused atomic deposition, a laser light-field is used to control the motion of atoms as they deposit onto a surface. This approach has a number of potential advantages in comparison with conventional fabrication techniques, such as optical or electron-beam lithography. The advantage over optical lithography lies in the potential for much higher resolution. Optical techniques are fundamentally limited by diffraction to a minimum feature size of about half the wavelength of the light used. For ultraviolet light, this corresponds to about 100 nm. Free-flying thermal atoms, on the other hand, have De Broglie wavelengths of order 10 pm, so diffraction effects can in principle be reduced to a negligible level. The actual resolution limits of laser-focused atomic deposition are still a subject of research, though structures have already been demonstrated at the 65 nm level and theoretical predictions suggest that 5-10 nm features may be possible. 2 This range of feature size is already just attainable with electron beam lithography; 4 however this process is inherently serial, that is, a complex pattern must be fabricated by scanning the electron beam across the surface. For large, complex patterns, the fabrication time and associated drift problems make electron beam lithography less desirable. Laser-focused atomic deposition, on the other hand, does not suffer from these limitations because it can be implemented in a parallel fashion.
A one-dimensional schematic of the two-dimensional laser-focused atomic deposition process used in the present work is shown in Fig. 1 . A laser standing wave is generated across the surface of the substrate, and chromium atoms, collimated to 0.25 mrad in each of two dimensions by laser cooling, 5 are directed at the surface, traversing the laser field on their way to deposition. The laser field, produced by a single-frequency CW dye laser, is tuned 500 MHz ͑100 natural line widths͒ above the atomic resonance line in chromium at ϭ425.55 nm ͑vacuum wavelength͒. With this tuning, a dipole force 6 is exerted on the atoms toward the low intensity regions of the light field. The result is a concentration of atoms at the nodes of the standing wave, which occur at intervals of /2ϭ212.78 nm.
In one dimension, the process as depicted in Fig. 1 is relatively straightforward. One aspect of the geometry illustrated in Fig. 1 that simplifies the implementation of this process is the fact that the positions of the deposited lines on the substrate depend only on the standing wave node positions, which in turn depend primarily on the absolute distance along the substrate from the mirror generating the standing wave. To first order, variations in the position or direction of the laser beam have no effect on the node positions, and as long as good stability is maintained between mirror and substrate, the periodicity of the pattern will be stable. For a two-dimensional deposition, the standing wave is formed by crossing two one-dimensional standing waves at 90°across the substrate. With this higher dimensionality, the nodes of the two-dimensional standing wave become more complex, depending on the polarizations of the constituent standing waves and also in some cases on their relative temporal phase. There are still zero points in the light intensity at locations on the surface that are an integral number of halfwavelengths from each standing wave mirror, but examination of an expression for the net electric field amplitude 7 shows that additional nodal patterns can exist, and these can shift around as the temporal phase difference between the standing waves varies.
One approach to eliminating unwanted variations in the nodal pattern due to temporal phase variations is to generate the two orthogonal standing waves in an actively-stabilized optical cavity. 8 Another approach, 9 which is useful when stability of the nodal topography is desired but absolute position is unimportant, makes use of three laser beams intersecting at 120°. For the present work we have made use of the fact that one can choose a polarization scheme in which the temporal phase does not affect the nodal pattern or position. If one chooses orthogonal linearly-polarized standing waves, with one polarized perpendicular to, and the other parallel to, the plane of the substrate, the resulting intensity distribution is given by
where I 0 is the intensity of a single incident wave, kϭ2/ is the wave vector of the light, and the x-and y-axes are defined to lie in the plane of the substrate. The intensity given by Eq. ͑1͒ forms a pattern of nodes and peaks on a /2ϫ/2 square lattice with the peaks separated by saddle regions along x and ŷ at half the intensity. While the intensity of Eq. ͑1͒ does not suffer from temporal phase disturbances, it has potential drawbacks that could in principle cause problems with a deposition experiment, though these appear to be less severe in practice. First, it might seem that since the intensity does not have cylindrical symmetry around the potential minima, the resulting deposited spots would not be round. However, the intensity is, in fact, surprisingly symmetric in the regions near the minima. This can be seen mathematically by converting x and y to the polar coordinates (r,) and noting that I(r,)Ϸ4I 0 k 2 r 2 ͑i.e., the -dependence drops out͒ for krӶ1. Exactly how much effect the non-symmetric regions of the potential ͑where kr is not much less than 1͒ have on the deposited pattern relative to the symmetric regions is difficult to predict without a ray-tracing calculation. 10 Nevertheless, the experimental results indicate that there is little effect.
Second, it must be noted that while the intensity in this configuration does not depend on the relative temporal phase, the polarization of the electromagnetic field is complicated. In fact, the local polarization varies dramatically as a function of x and y over the scale of a wavelength, and exactly what form this variation takes depends on the relative temporal phase. The local polarization of the field can be very important because it can determine the strength of the laser-atom interaction. Chromium atoms entering the standing-wave field are in their ground state, but are distributed among a number of degenerate magnetic sublevels. The strength of the laser-atom interaction for each magnetic sublevel varies for different polarizations of the laser, due to differences in the Clebsch-Gordan coefficients for the various transitions between the different magnetic sublevels.
11
The result is a potentially wide variation in the force on the atom as a function of space, and also time if the temporal phase is not stabilized.
Despite these potential problems, it appears that a sufficiently symmetric and stable potential exists for a welldefined pattern of features to be created. Figure 2 shows an atomic force microscope ͑AFM͒ image of a 4 mϫ4 m region of the two-dimensional chromium pattern deposited on a silicon substrate at room temperature. For this deposition, the laser beams for the two dimensions had 1/e 2 diameters of 0.13Ϯ0.02 mm and each contained a single-beam traveling-wave power of 12Ϯ1 mW. 12 The total deposition time was 20 min. The full pattern covers an area of about 100 mϫ200 m, and is quite uniform across the entire area. The lattice constant of the pattern, /2 or 212.78 nm, was considered to be known more accurately than the horizontal calibration of the AFM, so this value was used to put the horizontal dimensions of the image on an absolute scale. Also shown in Fig. 2 are two line scans, showing the shape of the features in two directions. These line scans have been put on a true vertical scale, including the background level, by normalizing the surface topography to the average deposition thickness of 20 nm, estimated ͑with an accuracy of about Ϯ5 nm͒ from previous characterizations of the deposition rate. Line scans such as the ones depicted in Fig.  2 and others taken at a variety of locations on the sample indicate that ͑without correction for AFM tip shape͒ the features are 13Ϯ1 nm high, and have a full-width at half maximum of 80Ϯ10 nm. The cause of the slight asymmetry in line scan A-AЈ is unknown, though we believe it to be an AFM artifact.
As the line scans indicate, the regions between the features are also covered with chromium. This background is a result of other isotopes in the atomic beam which are not affected by the laser light ͑16% of the atoms͒, atoms which are transferred to the metastable D-state during the optical collimation step ͑an estimated 7% of the atoms͒, and atoms that are in the high velocity tail of the Maxwell-Boltzmann velocity distribution emerging from the chromium evaporation source. Scan B-BЈ appears to have a slightly higher background level, arising we believe because it samples the saddle regions of the standing wave, while A-AЈ samples the true nodes.
Various mechanisms could be implemented to reduce the background seen in Fig. 2 , if desired. For example, the undesirable isotopes and D-level atoms, as well as some of the high velocity atoms, could be removed from the beam by a laser deflection process. Alternatively, it is possible that a uniform etch of the chromium surface as deposited could remove the background before eliminating the features completely.
This work demonstrates that laser-focused atomic deposition can be successfully used to create a uniform, twodimensional nanometer-scale pattern on a substrate. In its current form, the pattern shown in Fig. 2 could prove extremely useful as a calibration standard on the nanometer scale. The features represent essentially a ''contact print'' of a light wave, the wavelength of which is tuned with extremely high precision to an atomic resonance whose frequency is know with very high accuracy ͑about 1 ppm͒. Thus, within the limits of some geometrical corrections that can be kept very small ͑of order 10 ppm or less͒, the lattice spacing accuracy is extremely high.
With additional enhancements of this technique, further applications can be envisioned. Elimination or removal of the background will result in the creation of an array of isolated nanoscale metal dots on a surface. These could be used to study, e.g., transport phenomena, or quantum dot effects if fabricated on a semiconductor. Further, they could be used as an etch mask 13 to transfer the pattern to a substrate material, allowing extension of the fabrication techniques to other materials. Improvement of the resolution, which should be possible down to the 10 nm level, could lead to the possibility of scanning the substrate during deposition, creating almost any desired pattern, replicated within each unit cell of the lattice across the substrate. Furthermore, the interference of many standing waves incident from a range of angles with controlled phase could be used to generate more complex patterns.
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